Abstract: The weld pool contains abundant information about the welding process. In particular, the type of the weld pool surface shape, i. e., convex or concave, is determined by the weld penetration. To detect it, an innovative laser-vision-based sensing method is employed to observe the weld pool surface of the gas tungsten arc welding (GTAW). A low-power laser dots pattern is projected onto the entire weld pool surface. Its reflection is intercepted by a screen and captured by a camera. Then the dynamic development process of the weld pool surface can be detected. By observing and analyzing, the change of the reflected laser dots reflection pattern, for shape of the weld pool surface shape, was found to closely correlate to the penetration of weld pool in the welding process. A mathematical model was proposed to correlate the incident ray, reflected ray, screen and surface of weld pool based on structured laser specular reflection. The dynamic variation of the weld pool surface and its corresponding dots laser pattern were simulated and analyzed. By combining the experimental data and the mathematical analysis, the results show that the pattern of the reflected laser dots pattern is closely correlated to the development of weld pool, such as the weld penetration. The concavity of the pool surface was found to increase rapidly after the surface shape was changed from convex to concave during the stationary GTAW process.
Introduction
The welding process is widely applied in current manufacturing industries, the trend in high productivity and high-quality welding has been toward process automation, the sensing and control of weld joint penetration is a key issue in the automated welding. Especially, in the case of the root pass welding in thick plate or fillet welding under variable load conditions in gas tungsten arc welding (GTAW) process. However, a particular problem is, it is very difficult to detect the penetration of weld pool in the backside of workpiece. Meanwhile, a feasible approach to obtain the situation of weld pool in topside is important to detect the weld pool penetration [1] . In recent years, different observations and measurement approaches have been developed, such as machine vision [2, 34] , ultrasonic [5, 6] , X-ray radiation [7, 8] , pool oscillation [9, 10] , and other methods [11, 12] .
Among these methods, noncontact vision-based sensing methods were studied more extensively, they have evolved from two-dimensional (2D) to three-dimensional (3D) domain and are widely studied by many researchers. An important technique for a 2D weld pool boundary measurement is the coaxial viewing of the weld pool, which was first proposed by Richardson et al. [13] . Agapakis and Bolstad [14] presented an innovative vision sensing system that used intense stroboscopic illumination to overpower the arc light in the welding process and produce a clear image with synchronized camera. In the recent study, the 3D shape of weld pool is concerned. Wang [15] established a 3D weld pool sensing system. The results of weld pool reconstruction were presented by the image processing. Based on the reconstructed 3D weld pool geometry, the weld pool geometry was described by an artificial neural network (ANN) model. Zhang and his colleagues established a novel stereo camera system that used only one camera and a biprism placed in front of the lens, which was applied to capture virtual image pair of the weld pool surface, and reconstructed 3D shape of the weld pool surface during base current period of P-GMAW [16] . Also, some special image processing algorithms for welding process was developed to analyze and extract the information of weld pool, for the visual sensing of weld pool [17, 1819] . Although these studies can extract certain 2D geometry or 3D information from the weld pool by vision-base methods, the dynamic specular characteristics of the weld pool and the interference from a strong arc, complicate the observation and image processing and deteriorate the effectiveness of these methods. Due to the poor welding conditions, some methods were proposed, which could get accuracy geometry of the surface of weld pool. Ai Xiaopu [20, 21] and his colleagues proposed a novel method which based on stripes reflection. The phase that changes the phase data was analyzed by comparing the phase data extracted from the deformed grating image and the reference grating image. The 3D surface shape of TIG weld pool was obtained, and achieved satisfying results. In order to avoid arc light interference in the measurement process, Zhang Yuming and his coworkers proposed a novel structured laser machine vision system, which takes advantage of the specular reflected, for reconstructing 3D weld pool surface. In the experiments, a structured laser projected on the weld pool surface, and reflected to the imaging plate. Then the structured laser images on the plate were captured by camera. The reconstructed results proved the effectiveness of the system, and the acquired weld pool was more accurate [22, 23, 2425] . By the same way, our research group members have also done a lot of research about the weld pool surface in GTAW by Laser-Vision-Based, in previous study [9, 26, 27] .
In this work, we proposed an improved system to observe the weld pool surface. The experimental process and its corresponding dots laser pattern were captured by CCD. The converting of dots can display the development of the weld pool surface in the welding process. Further, a mathematical model, that contains the incident ray, reflected ray and screen, was built based on the structured laser reflection imaging system. The dynamic variation of weld pool surface and its corresponding dots laser pattern were simulated and analyzed by the Matlab software. It is found that the weld pool surface is like a Gaussian surface. The result of the experiment and analysis is applied to further understanding the dynamic variation process of the TIG welding weld pool surface.
Experiments
The principle of observation system
The principle of observation system is shown in Figure 1 . The dots laser pattern was projected onto the weld pool surface. Its reflection that reflected from the specular weld pool surface was intercepted by a screen. Then the deformed dots laser patterns on screen, which were hereafter referred to as reflected patterns, were captured by a CCD camera. The system of position parameters can be determined in the world coordinate system. And the surface reconstruction scheme was proposed to obtain the 3D surface based on the reflection law.
The real experimental measurement system is shown in Figure 2 . The weld pool surface observation system of the TIG welding mainly consists of laser vision system and structure laser reflected imaging system. The laser vision system is mainly composed of CCD camera. The CCD camera is fitted with a 20 nm bass-pass filter, centered at 650 nm, to reduce the interference of arc light. The structure laser reflected imaging system mainly includes laser generator and screen. The laser generator was placed on YOZ plane, and the angle with the horizontal of workpiece was 30°. The adopted parameters of laser generator were 12 V, 250 mW, 650 nm. The perpendicular distance between the fixed center of laser and the workpiece was 45 mm, and the horizontal distance between the fixed center of laser and the welding torch was 75 mm. The welding torch was fixed and perpendicular to workpiece. The distance between welding torch and screen was 160 mm. The screen, with the size of 47 cm × 29 cm, was placed parallel to the XOZ plane.
Experimental results
In order to reconstruct the dynamic development of TIG welding weld pool surface, the 304 stainless steel plate with the size of 250 mm × 100 mm × 3 mm, was used to do stationary TIG welding experiment. The welding current of TIG welding experiment was 50A, 60A, 70A, 80A, respectively. The flow rate of Argon gas was 10 L/min. The dots laser reflected from the dynamic weld pool was captured by a CCD camera.
Taking welding current is 70A as an example to elaborate the dynamic development of weld pool. The whole process of initial stage to weld pool depression is illustrated in Figure 3 . During the whole welding process, arc starting acts as the time initial point, which assumes the time initial point is t = 0. At the welding initial stage, as a result of the small weld pool area, dots laser reflected from weld pool was less as shown in Figure 3 (a) and 3(b). From Figure 3(c) -(e), it can be seen that the dots laser reflected from weld pool was increased, and the dots laser was dense with the increased duration of welding process. Due to the laser dots pattern was steady, it indicated that the weld pool was convex based on its pattern. The dots laser began to gather in the middle of weld pool as shown in Figure 3 (f)-(j). It shows that the weld pool transits from convex to concave slowly. The laser dots almost gather together, which shows that the weld pool surface is depressed heavily. The results show that, with a certain welding current and welding abidance, the weld pool begins to be depressed. Then, the weld pool surface was altered from convex to concave and its depth was increased. Combining Figures 2 and 3 , it shows, during the welding process, the variations of reflected laser dots pattern can represent the dynamic development of weld pool. The simulated results of dots laser pattern accord with the experiment very well. Further, it shows that the weld pool surface changes from convex to concave are at a certain welding current. The dots laser pattern on screen can characterize the convex and concave of weld pool surface, based on the structured laser machine vision.
The laser dots projected onto workpiece and formed the dots laser pattern after welding as shown in Figure 4 (a). It is shown that the row curvature of dots laser is different with that onto the crude workpiece and the weld pool is concave. The weld penetration maybe is partial penetration or complete penetration. Then combining with Figure 4(b) , the cross-section macroscopic feature of weld pool, it shows, under the welding current of 70 A, the weld pool is complete penetration and the depression weld pool is heavily.
Under different welding currents, the cross section of macroscopic feature was different as shown in Figure 8 . The depth of the depression of weld pool was different at different welding currents, which represented different penetration depth and width. From Figure 5(a) , the macroscopic feature of weld pool, it is seen that weld pool was convex at the welding current of 50 A. While welding current fixed to 60 A, the weld pool began to be depressed. But the depression has a low depth as shown in Figure 5 (b). With the increase of current, the depth and width of weld pool and the amplitude of surface fluctuation were increased as shown in Figure 5 (c) and 5(d). When welding current was too high, the workpiece maybe penetrated.
During the welding process, the time of weld pool changing from convex to concave is different with the change of welding parameters, such as welding current. The detail parameters show in Table 1 .
Discussion Dynamic model of weld pool surface
To reconstruct the dynamic development of the convex and concave of TIG welding weld pool surface, the mathematical model was established to make the dots laser reflect on weld pool surface. The dots laser projected onto the Gaussian surface and its corresponding reflected ray were intercepted by screen. The reflected model is shown in Figure 6 . The Matlab software was applied in the simulation and analysis of weld pool surface changing process.
The main analysis procedures are listed below:
Step 1: In order to ascertain the weld pool surface model, Gaussian surface is used as the weld pool surface. The convex and concave are presented in Figure 7 (a) and 7(b), respectively. The mathematical equation of Gaussian convex and concave can be expressed as: − c, concave
where H is the surface height coefficient, r the radio of Gaussian surface, x 2 ½ − r 2 , r 2 ，y 2 ½b − r 2 , b + r 2 , z 2 ðe, f Þ , (a, b, c) is the center of Gaussian surface. And a, b, c, e, f are constants.
Step 2: Compute the incident rays In the second step, the direction vector of the incident ray in the world coordinate can be computed by the two points, which are introduced and calibrated on the incident ray. It was A i, j x A , y A , z A ð Þ , and B i, j x B , y B , z B ð Þ , respectively, as shown in Figure 1 .Ĩ and I i,j are described as eqs (2) and 3, respectively. The 9 × 41 rays act as incident rays of the simulation process, were determined based on incident rays relationship. The incident rays are showed in Figure 7 (c).
where I i,j represents any point on the incident ray in the world coordinate, and t 1 is the time step.
Combining eqs 1 and (3), the coordinate of projected point, O i,j (x 0 ,y 0 ,z 0 ), can be solved. 
Step 3: It is easy to obtain the surface normal at O i,j (x o , y o , z o ), denoted asñ i,j . The normal lineñ i,j of projected point should be deduced, depending on the weld pool surface projected point O i,j . And this point on the assumed surface G(x, y, z) of weld pool in first and second step. Theñ i,j can be computed as eq. (4).
At the above of reflection model, relationship between incident vector, reflection vector and normal vector can be expressed asR =Ĩ + 2Ñ (6) whereR denotes the reflection vector,Ĩ the incident vector,Ñ the normal vector.R,Ĩ andÑ are all unit vectors. The expression of reflected laser points on the reflected ray can be expressed using O i,j andR as
where t 2 is the time step, R i,j is any point on the reflected way in the world coordinate.
Step 4: The screen was placed parallel to the XOZ plane, expressed as eq. (8).
Combining eqs (7) and 8, the points where reflection occurs on the imaging plane, is defined as C i,j (x c , y c , z c ), and can be computed.
Analysis and verification
Based on above description, the determined mathematical relationship shows the convex and concave of surface. Its corresponding reflected rays were intercepted by screen, and formed corresponding dots laser pattern. The convex weld pool surface and its corresponding dots laser pattern are shown in Figure 8 (a)-(c). With the height of convex decreased, r was changed from 5.8 to 7.6, respectively, the line curvature became smaller. Then, with the depression of the weld pool surface increased, the reflected ray was gathering together gradually. The results indicated that the weld pool surface was concave, and r was changed from 8.8 to 5.8, respectively. The results are shown in Figure 8 (d)-(g). From Figure 8 , it is seen that the different convex and concave of weld pool and its corresponding reflected laser dots pattern are different changing with the weld pool surface. It is also revealed that the dots laser pattern can represent the convex and concave of weld pool surface. However, there is also some deficiency in this system, the welding process is stationary which is not applicable for industrialization. The relationship between the weld pool surface depression and dots laser pattern should be verified by means of experiment to further analyze.
Conclusion
1. During the stationary TIG welding process, the convex and concave of weld pool surface were closely correlated to welding current and welding time. While current in low range has negligible effects on surface depression, the weld pool was always convex. With the higher current and sufficiently long welding time, the weld pool changes from convex to concave. 2. Deep penetration was mainly produced by high current, and sufficient welding duration was needed for deep penetration. The pool geometry was also greatly influenced. 3. The weld pool depression value was potentially useful for controlling weld penetration. The weld pool depression was correlated with dots laser pattern. The simulated dots laser variation process was in agreement with the experimental results.
